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 In modern society, people are predisposed to various diseases because of their 
lifestyles and environmental factors such as dietary habits, sedentary lifestyle, smoking 
stress, and exposure to toxic substances.  These lifestyle and environmental factors can 
adversely affect the metabolic environment, such as the balance of metabolism, hormones, 
and nutrition, eventually resulting in the development of lifestyle-related diseases.  The 
number of patients suffering from lifestyle-related diseases such as obesity, diabetes, 
hypertension, hyperlipidemia, non-alcoholic steatohepatitis, and cancer is increasing 
annually worldwide.  In fact, more than two thirds of deaths in Japanese populations are 
reported to be due to lifestyle-related diseases, or “seikatsusyukanbyo,” as they are known 
in Japan.  Therefore, prevention and amelioration of lifestyle-related diseases by 
regulating the metabolic environment is important for human health.  Recently, 
nutraceuticals, such as dietary fiber, probiotics, vitamins, and polyphenols, have gained 
attention as alternatives to conventional pharmaceuticals, since they promote the proper 
maintenance of a healthy metabolic environment via the regulation of both energy and 
hormone balance.  Cyanidin-3-glucoside (Cy3G), a polyphenol compound present in 
numerous colorful fruits and vegetables such as black soybean, blueberry, and grapes.  
In a previous study, Cy3G was shown to increase the expression of peroxisome 
proliferator-activated receptor gamma coactivator 1-α (PGC-1α), encoding a 
transcriptional coactivator essential for the regulation of metabolism, in skeletal muscle 
cells.  It has been suggested that PGC-1α is an important regulator of exercise adaptation 
in skeletal muscle and prevent metabolic diseases.  In this study, it was hypothesized 
that Cy3G is effective for enhancing exercise performance and preventing metabolic 
disorders by regulating metabolic environments.  This thesis investigated the effect and 
regulatory mechanisms of Cy3G on the metabolic environment using animal experiments 
and in vitro cellular model experiments. 
 Firstly, the effects of Cy3G on both exercise performance and the metabolic 
activity of the skeletal muscle were investigated.  Regular exercise and physical training 
contribute to the prevention and alleviation of numerous lifestyle-related diseases, such 
as obesity, type 2 diabetes, sarcopenia, and cardiovascular disease, as well as enhances 
physiological capacity in sports by regulating the metabolic environment.  It is thought 
that enhancing the function of skeletal muscle is effective for both the prevention and 
improvement of metabolic diseases and enhancement of exercise performance.  In this 
thesis, to examine whether Cy3G can enhance exercise performance (swim until 
exhaustion with a load corresponding to 10% of their body weight), mice were given 
Cy3G or water (control) orally for 15 days and were made to perform weight-loaded 
forced swimming test.  As a result, exercise-induced elevation of lactate levels in Cy3G-
treated mice was lower than the increase observed in control mice (water-treated mice).  
Furthermore, Cy3G increased PGC-1α expression in two skeletal muscles (gastrocnemius 
and biceps femoris).  PGC-1α in the skeletal muscle promotes lactate metabolism by 
promoting expression of lactate dehydrogenase (LDH) B and monocarboxylate 
transporter 1 (MCT1) and decreasing LDH A expression.  Cy3G group had increased 
expression of LDH B and MCT1 in both muscles.  These results suggest that lactate 
metabolism in the muscles is enhanced in response to Cy3G-induced PGC-1α 
upregulation.  Additionally, from in vitro study using C2C12 myotubes, it has been 
revealed that PGC-1α upregulation by Cy3G was shown to occur via the 
Calcium/calmodulin-dependent protein kinase kinase (CaMKK) pathway through the 
elevation of intracellular cAMP levels.  These suggest that Cy3G enhances swimming 
time by increasing skeletal muscle PGC-1α expression through the elevation of cAMP 
levels. 
 Next, the effects of Cy3G on the induction of beige adipocytes, and the 
corresponding effect of this induction on the prevention of metabolic diseases were 
investigated using a db/db mice (diabetic model mice) and the 3T3-L1 cell line.  In 
individuals with metabolic diseases such as obesity, diabetes, and cardiomyopathy, PGC-
1α expression in skeletal muscle is decreased as a result of increased inflammatory 
adipokines and free fatty acids (FFAs).  Therefore, results discussed in above predict 
that Cy3G may be effective for not only improved exercise performance, but also 
prevention of metabolic diseases since Cy3G can increase muscle PGC-1α expression.  
To explore the preventive effect of Cy3G on metabolic disease, db/db mice were given 
black soybean seed coat extract (BSSCE), which are rich in Cy3G, for 30 days.  The 
oral administration of BSSCE prevented phenotypes associated with the progression of 
type 2 diabetes mellitus (T2DM), such as the gain of white adipose tissue (WAT) weight 
and size.  Reduced size of WAT is one of the characteristics of beige adipocytes.  
Recently, brown-like adipocytes known as beige or brite (brown in white) adipocytes, 
which appear in the WAT, have gained attention, as beige adipocytes can contribute to 
the regulation of whole-body energy expenditure.  Adipocyte differentiation 
(differentiation of preadipocytes into mature adipocytes) plays an important role in the 
development of brown and beige adipocyte phenotypes in mature adipocytes. To evaluate 
the effect of Cy3G on adipocyte differentiation, 3T3-L1 preadipocytes were treated with 
Cy3G during the differentiation process.  In vitro studies revealed that Cy3G induces 
the 3T3-L1 adipocytes to attain beige adipocyte characteristics (multilocular lipid 
droplets, increased mitochondrial content, uncoupling protein-1 (UCP-1) expression and 
beige adipocyte markers).  Furthermore, Cy3G promoted preadipocytes differentiation 
by increasing of CCAAT/enhancer-binding protein β (C/EBPβ) through the elevation of 
the intracellular cAMP.  These results indicate that elevated cAMP levels by Cy3G 
induce beige adipocytes phenotypes in 3T3-L1 adipocytes, all of which ultimately prevent 
the progression of T2DM. 
 In conclusion, the results presented in this thesis reveal that Cy3G positively 
regulates metabolic environments by increasing PGC-1α expression via the elevation of 
intracellular cAMP levels.  These effects contribute to both the enhancement of exercise 
performance and the prevention of metabolic diseases, and indicate that Cy3G may be an 
effective therapeutic agent for the prevention and/or treatment of lifestyle-related diseases. 
 
